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Abstract. An understanding of the dynamics of soil organic
matter (SOM) is important for our ability to develop man-
agement practices that preserve soil quality and sequester
carbon. Most SOM decomposition models represent the
heterogeneity of organic matter by a few discrete compart-
ments with different turnover rates, while other models em-
ploy a continuous quality distribution. To make the multi-
compartment models more mechanistic in nature, it has been
argued that the compartments should be related to soil frac-
tions actually occurring and having a functional role in the
soil. In this paper, we make the case that fractionation meth-
ods that can measure continuous quality distributions should
be developed, and that the temporal development of these
distributions should be incorporated into SOM models. The
measured continuous SOM quality distributions should hold
valuable information not only for model development, but
also for direct interpretation. Measuring continuous distribu-
tions requires that the measurements along the quality vari-
able are so frequent that the distribution approaches the un-
derlying continuum. Continuous distributions lead to pos-
sible simpliﬁcations of the model formulations, which con-
siderably reduce the number of parameters needed to de-
scribe SOM turnover. A general framework for SOM models
representing SOM across measurable quality distributions is
presented and simpliﬁcations for speciﬁc situations are dis-
cussed. Finally, methods that have been used or have the po-
tential to be used to measure continuous quality SOM distri-
butions are reviewed. Generally, existing fractionation meth-
ods will have to be modiﬁed to allow measurement of distri-
butions or new fractionation techniques will have to be devel-
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oped. Developing the distributional models in concert with
the fractionation methods to measure the distributions will be
a major task. We hope the current paper will help generate
the interest needed to accommodate this.
1 Introduction
Understanding the dynamics of soil organic matter (SOM)
and mechanisms that stabilize organic matter in soil is im-
portant for our ability to develop management practices that
preserve soil quality and sequester carbon. Most SOM mod-
els are multi-compartment models describing organic matter
turnover as the consequence of transformations between dif-
ferent compartments of different decomposability or biolog-
ical quality (McGill, 1996; Coleman and Jenkinson, 1996;
Parton et al., 1987; Reichstein et al., 2009). However, these
model compartments are unrelated to measurable entities.
This means that the pools and ﬂows between them are largely
theoretical constructs introduced to mimic the heterogene-
ity of SOM and are not inferred from direct evidence of
their existence. To make multi-compartment models more
mechanistic, it has been argued that their pools should corre-
spond to measurable SOM fractions having a functional role
in the soil (Hassink, 1995; Christensen, 1996; Elliott et al.,
1996; Balesdent, 1996; Arah and Gaunt, 2001; Smith et al.,
2002; von L¨ utzow et al., 2007). The basis for validation of
a multi-compartment model is much improved when mea-
surable SOM fractions are used because the model can be
tested for its ability to simulate the amount of C and isotopic
ratios in each SOM fraction. In addition, the measurable
SOM fractions provide information that may help distinguish
and disentangle the different mechanisms responsible for the
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stabilization of SOM. As a result of these theoretical devel-
opments, procedures to obtain fractions that are more uni-
form with respect to molecular composition or physical pro-
tection, and that are therefore more suitable as model pools,
have been developed (Hassink, 1995; Trumbore and Zheng,
1996; Magid et al., 1996; Six et al., 1998; Sohi et al., 2001;
Christensen, 2001). Successful attempts have been made to
base models on measurable SOM fractions (Buyanovsky et
al., 1994; Hassink and Dalenberg, 1996; Bird et al., 2002;
Baisden and Amundson, 2003; Skjemstad et al., 2004, Zim-
mermann et al., 2007). However, the envisaged impact of
measurable SOM fractions on SOM models has as yet only
materialized to a modest degree.
The number of different chemical constituents in SOM
is extremely large and the SOM is protected from degrada-
tion by a multitude of mechanisms (Sollins et al., 1996; von
L¨ utzow et al., 2006). Therefore, the decomposability or qual-
ity of SOM is better described as a continuum than as a num-
ber of separate compartments. Even a relatively well deﬁned
SOM fraction, such as black carbon, is more appropriately
characterized as a continuum, ranging from slightly charred
biomass to soot and graphite (Goldberg, 1985; Masiello,
2004). Therefore, the idea of representing the quality of
SOM as a continuous quality distribution is obvious, and
several models have been developed, based on this concept
(Bosatta and ˚ Agren, 1985; ˚ Agren et al., 1996b). In their
general form, they make very few simplifying assumptions.
However, the deﬁnitions of the quality distributions are as
unrelated to anything measurable as the compartments of the
multi-compartment models.
We argue that rather than fractionating the SOM into a few
operationally deﬁned fractions or deﬁning quality distribu-
tions that are not related to anything measurable, it may be
feasible to develop methods to measure the continuous qual-
ity distributions of SOM and incorporate these into continu-
ous quality distribution SOM models. The quality will then
be represented by some measurable variable such as particle
size, particle density or resistance of SOM to oxidation. The
methods used to measure SOM fractions in soil will gener-
ally have to be modiﬁed to enable measurement of continu-
ous quality distributions, or rather new techniques will need
tobedevelopedandapplied. Theobjectivesofthecurrentpa-
per are to discuss the implications of characterizing SOM by
continuous quality distributions, present a possible modeling
framework that can be used to model the measured continu-
ous quality SOM distributions and review methods that can
be employed to measure the distributions.
2 Models of measurable continuous quality
distributions of SOM
SOM models with continuous quality distributions were
originally suggested by Carpenter (1981). Later, the mod-
els and concepts upon which they are based were greatly ex-
panded (Bosatta and ˚ Agren, 1985, 1991, 2003, ˚ Agren and
Bosatta, 1996a, b). Boudreau (1992) developed a model
based on similar arguments for organic matter in marine sed-
iments.
Several model formulations incorporating measurable
continuous quality distributions can be envisaged. In this
paper we present an example of a one-dimensional contin-
uous distribution model and suggest possible simpliﬁcations,
extensions and generalizations that could be appropriate in
different situations.
2.1 One-dimensional continuous distribution model
To obtain a model that represents the soil organic carbon
(SOC) by a one-dimensional quality distribution, we intro-
duce a variable q that represents the quality of SOC. This
variable is determined by the fractionation method used to
measure the distribution of SOM qualities. It may be any of
the variables suggested later such as size, density, or resis-
tance to oxidation. At time t, we assume that there exists
a continuous distribution of SOC, ρ(q,t), deﬁned such that
ρ(q,t)dq is the amount of SOC in the quality interval q to
q+dq. The total amount of SOC in the soil can thus be found
by:
C(t)=
∞ Z
−∞
ρ(q,t)dq (1)
If we assume that this distribution changes in time as a conse-
quence of external inputs (I(q,t)), respiration (R(q,t)), and
modiﬁcations of the quality in time (M(q,q0,t)), the time
derivative is:
∂ρ(q,t)
∂t
=I(q,t)−R(q,t)+
∞ Z
−∞
M(q,q0,t)dq0 (2)
where M(q,q0,t) is a distributional kernel which deﬁnes the
rate at which SOC is moved from quality q0 to q. Conser-
vation of mass dictates that
∞ R
−∞
∞ R
−∞
M(q,q0)dq0dq =0. The
inclusion of t as a variable in R(q,t) and M(q,q0,t) indicates
that these function can depend on other factors, such as tem-
perature, that may vary in time. The temporal development
of the distribution from time t to t+dt is illustrated in Fig. 1.
What remains to make the model functional is to as-
sume some dependencies and functional forms of R(q,t) and
M(q,q0,t). A reasonable simplifying assumption is that res-
piration is proportional to the amounts of carbon of differ-
ent qualities, i.e. the respiration rate is equal to k(q,t)ρ(q,t),
where k(q,t) is a speciﬁc respiration function dependent
on the quality. Another simplifying assumption could be
to describe the transformations between qualities as a ﬂux,
F(q,t), along the q-axis. The model reduces then to:
∂ρ(q,t)
∂t
=I(q,t)−k(q,t)ρ(q,t)+
∂F(q,t)
∂q
(3)
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Fig. 1. Changes to the quality distribution of the model in Eq. (2)
during a time step. The distribution ρ(q,t) occurring at time t re-
ceives carbon from inputs in the form of the distributions I(q,t)
and loses carbon due to respiration in the form of the distribution
R(q,t). The distribution is then modiﬁed by changes in quality or
movement of material from quality q to q0, M(q,q0,t).
The initial quality distributions ρ(q,0)=ρ0(q) and two
boundaryconditionsarealsoneeded. Usually, F(q1,t)=0and
F(q2,t)=0 will be appropriate as boundary conditions, i.e.
the quality is restricted to the interval [q1,q2]. Now the prob-
lem is reduced to choosing functional forms of k(q,t) and
F(q,t). If the model is to be useful, these functions should
be continuous and relatively simple with a limited number of
parameters. Otherwise the parameters will be impossible to
estimate and the measurable entity chosen to represent q will
not be very useful.
A simple way to describe movement along the q-axis is
by analogy with either dispersion or convection or a com-
bination of the two, where the dispersion constant, D(q,t),
and the convection constant, v(q,t), are dependent on the
quality, i.e. F(q,t) = −D(q,t)
∂ρ(q,t)
∂q +v(q,t)ρ(q,t). This
means that Eq. (3) becomes:
∂ρ(q,t)
∂t =I(q,t)−k(q,t)ρ(q,t)
−
∂

D(q,t)
∂ρ(q,t)
∂q

∂q +
∂v(q,t)ρ(q,t)
∂q
(4)
or:
∂ρ(q,t)
∂t =I(q,t)−k(q,t)ρ(q,t)−D(q,t)
∂2ρ(q,t)
∂q2
+

v(q,t)−
∂D(q,t)
∂q

∂ρ(q,t)
∂q +
∂v(q,t)
∂q ρ(q,t)
(5)
In those cases where k(q,t), D(q,t), and v(q,t) do not de-
pend on the amount of SOC of a speciﬁc quality ρ(q,t),
but only on the quality q, Eq. (5) is linear in ρ(q,t) and
the principle of superposition applies. We can then solve
the equation for the input of material with a single quality,
I(q)=i0δ(q−q0)andfollowhowthisistransmittedthrough
the system. This can considerably simplify the interpreta-
tion of the properties of the equation. More complex inputs,
consisting of a mixture of qualities, are obtained simply by
summation of the individual inputs.
In labeling experiments or experiments with changes from
vegetation with different photosynthetic systems (C4 and
C3), the effects of isotopic fractionation during decomposi-
tion can be negligible. Assuming no isotopic fractionation,
the processes described by k(q,t), D(q,t) and v(q,t) will be
the same for all isotopes and Eq. (5) can be modiﬁed to de-
scribe the distribution of an isotope of C, ρ∗(q,t):
∂ρ∗(q,t)
∂t =I∗(q,t)−k(q,t)ρ∗(q,t)−D(q,t)
∂2ρ∗(q,t)
∂q2
+

v(q,t)−
∂D(q,t)
∂q

∂ρ∗(q,t)
∂q +
∂v(q,t)ρ∗(q,t)
∂q
(6)
where I∗(q,t) is the input distribution of the isotope in ques-
tion. Such equations for different isotopes can then be
combined to produce equations for the isotope ratios; see
Poage and Feng (2004) for an application to depth proﬁles.
However, there is in principle no problem with extending
Eq. (6) to cover isotopic fractionation, although the estima-
tion of fractionation in the different processes can be difﬁcult
(˚ Agren et al., 1996a).
2.2 Other simplifying assumptions, modiﬁcations, and
possible extensions of the model
DifferentsimpliﬁcationsofEq.(2)maybeneededfromthose
suggested above. Priming effects (Kuzyakov et al., 2000;
Fontaine et al., 2003), where the addition of labile materi-
als stimulates decomposition of recalcitrant materials, and
decomposer controlled decomposition (Schimel and Wein-
traub, 2003; Manzoni and Porporato, 2007) may invalidate
the assumption that R(q,t) is proportional to ρ(q,t). This
may lead to break-down of the linearity, necessitating the
use of numerical methods (see however Neill and Gignoux,
2006) and/or explicit representation of the dynamics of the
decomposer community.
In some situations, it may be useful to introduce a the-
oretical quality variable, Q, and model the theoretical dis-
tribution of SOM across this variable, 2(Q). This is what
has been done in continuous quality models so far (˚ Agren
and Bosatta, 1996b). The reason for introducing Q instead
of using the measured variable q is to simplify the models.
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This can be achieved if the functions describing respiration
as a function of Q and movement along the Q axis are sim-
pler than the corresponding functions depending on q. Sub-
sequently, relationships between Q and q or a proxy for q
can be pursued. When a theoretical quality variable is intro-
duced, one should also consider the possibility of not aiming
at solving the complete model, but instead use it to derive
equations for simpler properties like the total SOM, or aver-
age qualities etc. (see ˚ Agren and Bosatta, 1996a). It is worth
pointing out the analogue with the fundamental equation of
quantum mechanics, the wave function, which in principle is
unobservable and only projections of it represent observables
(momentum, velocity etc.).
The basic model presented in Eq. (2) can be extended in
several ways. An obvious extension is to use several dif-
ferent distributions, each corresponding to a SOM fraction.
For example, separating microbial biomass from the rest of
SOM may be useful, as it has very different characteristics.
In that case a transfer function from one distribution to the
other is needed and the model becomes similar to that pre-
sented by Bosatta and ˚ Agren (1985). Another way to extend
the model is to allow multi-dimensional distributions, which
may in fact be necessary to obtain an adequate characteriza-
tion of the SOM. The formalism presented in Eqs. (2) and (3)
is easily generalized to accommodate this.
3 Linking model and measurable distributions
3.1 Model application
An application of Eq. (4) requires the functional form of
k(q,t), D(q,t) and v(q,t) to be chosen. In natural ecosys-
tems, the input consists of plant litter and rhizodeposition,
and therefore the function I(q,t) can be measured at least
on the aboveground part of the input. In the case where q
represents size, respiration is expected to decrease as q gets
smaller and perhaps some kind of hyperbolic or power func-
tion can describe this. The function should intercept (0,0) to
allow respiration to approach zero as size approaches zero.
In the case where size is used as the quality measure, D(q,t)
and v(q,t) must also decrease with q and intercept at (0,0) to
completely stop movement along the q axis as soon as size
approaches zero. The way in which the functions D(q,t) and
v(q,t) approach zero may have large implications (Bosatta
and ˚ Agren, 1985).
3.2 Model parameterization
When functional forms for the functions k(q,t), D(q,t), and
v(q,t) have been chosen, the parameters will have to be es-
timated. Some parameters can be deduced from theoretical
considerations, but most will have to be estimated from ﬁeld
or laboratory experiments. In order to estimate the param-
eters, we need experiments with different treatments similar
to those used for parameterization of the models with SOM
pools. Examples of experiments that can be used are those
with inputs of organic matter varying either in amount or
quality, experiments with treatments with varying tillage in-
tensity or ambient temperature. At the beginning of an exper-
iment, the soil is sampled and a distribution across a quality
variable is measured. In cases where storage can be trusted
not to have altered the distribution, archived soil samples can
be used. At a later stage, after the soil has been subjected
to the different treatments, the soil is sampled once again
and distributions are measured. It is the changes incurred
in these distributions that are used to calibrate the parame-
ters of the functions k(q,t), D(q,t), and v(q,t) using some
sort of optimization routine. The fact that the number of pa-
rameters in these functions is limited makes this more likely
to be achievable. Isotope measurements at different points
along the distribution will allow for distributions of the other
carbon isotopes or isotope ratios along the quality axis to be
concatenated. These will constitute an additional source of
data that would be highly valuable for parameter estimation.
To illustrate the process of parameter estimation, we have
exempliﬁed it in Fig. 2. In the example, we have constructed
hypothetical distributions that might have been obtained if
experimental soils had been fractionated according to den-
sity. This means that the quality (q) variable is represented
by density (d). A soil sampled in the beginning of the ex-
periment (at time 0 years) could give rise to a distribution
like that on the left-hand side of Fig. 2. This distribution
corresponds to a total amount of SOC of 2.5%. At a later
stage (at time 200 years), after the soil has been subjected
to a treatment with input or a treatment without input of or-
ganic matter, it is sampled once again and distributions are
measured, giving rise to the distributions on the right-hand
side of Fig. 2. The distribution for the soil without any ad-
dition of organic matter corresponds to a total SOC content
of 1.9% while the one receiving an input corresponds to a
content of 2.5%. From Fig. 2, it can be seen that in the
soil that received no input, the organic matter has been re-
duced and is shifted towards higher densities. The soil that
received an input of light organic matter has developed a
peak of light organic matter, unlike the soil receiving no in-
puts. The distribution of the input can be measured and is
also indicated in Fig. 2. In this model application, we chose
to describe decay of organic matter as a linearly decreasing
function from the lowest measured density dmin (the upper
boundary) to 0 at the highest measured density dmax (up-
per boundary). Thus, k(d,t) = kdmin −
kdmin
dmax−dmin(d −dmin)
where kdmin is the decay rate of organic matter of density
dmin. Similarly, convection was assumed to decrease linearly
with density i.e. v(d,t)=vdmin−
vdmin
dmax−dmin(d−dmin), where
vdmin is the decay rate of organic matter of density dmin. Dis-
persion was assumed to be constant, i.e. D(d,t)=D. Thus
we end up with the parameters dmin, dmax, kdmin, vdmin, and
D, which have to be estimated. We set dmin = 0.8gcm−3
and dmax =2.7gcm−3 and constructed an initial distribution
ρ(d,0) corresponding to the observed distribution at time 0,
Biogeosciences, 7, 27–41, 2010 www.biogeosciences.net/7/27/2010/S. Bruun et al.: Measuring and modelling continuous quality distributions of SOM 31
d g/cm
3
1.0 1.5 2.0 2.5
ρ  
(
d
,
t
)
 
c
m
3
 
g
-
1
0.00
0.01
0.02
0.03
0.04
0.05
Measured
Modeled
d g/cm
3
1.0 1.5 2.0 2.5
ρ  
(
d
,
t
)
 
c
m
3
 
g
-
1
0.00
0.01
0.02
0.03
0.04
0.05
Measured
Modeled
d g/cm
3
1.0 1.5 2.0 2.5
ρ  
(
d
,
t
)
 
c
m
3
 
g
-
1
0.00
0.01
0.02
0.03
0.04
0.05
Measured
Modeled
d g/cm
3
1.0 1.5
I
(
d
,
t
)
 t = 0 days
 t = 200 years
No input
Input
Fig. 2. Constructed example of a model application where a density (d) distribution of SOC is measured on a soil at time 0 years (left) and
again after 200 years of treatment with or without inputs of organic matter (right). A continuous distribution model is used to describe the of
the distribution, and the parameters of the model are optimized to make the distribution ﬁt the observed data (see text for details).
as shown on the left-hand side of Fig. 2, and used Eq. (4)
to simulate the change in the distribution over time. Subse-
quently, we used an optimization routine to ﬁnd the parame-
ters that resulted in the least sum of squares between the ob-
served and the simulated distributions at time 200 years. The
ﬁt of the model after optimization of the parameters is shown
on the right-hand side of Fig. 2. The estimated parameters
werekdmin =0.0022year−1, vdmin =0.00127gcm−3 year−1
and D =4.3×10−5 g2 cm−6 year−1.
When the choice of measured quality variable makes
the simplifying assumptions inappropriate, the more general
Eq. (2) may have to be applied. In these cases, M(q,q’,t)
and R(q,t) can be complicated functions, and it may be ad-
vantageous to use a model introducing a theoretical qual-
ity variable, Q. Subsequently a proxy for Q is measured
and a relationship between the proxy and Q can be esti-
mated through multivariate calibrations (Martens and Naes,
1989). First, the theoretical distribution is established by
model ﬁtting to experimental data with different treatments.
This gives rise to theoretical distributions across the theoret-
ical quality variable, 2(Q). The multivariate calibrations are
used to establish a relationship between the i proxy measure-
ments, pi, and the theoretical distribution, 2(Qj)=f(pi).
Another possibility is to attempt to predict other properties
of the theoretical distribution such as the average quality
(i.e. ¯ Q=
R
Q2(Q,t)dQ/
R
2(Q,t)dQ). However, the mul-
tivariate approach requires data from experiments with many
different treatments inﬂuencing the distributions.
4 Difference between continuous distributions and
fractions
As carbon and isotopes of carbon can only be measured on
a ﬁnite sample, a continuous quality distribution of SOC
can only be measured by concatenating or merging the ﬁ-
nite samples into a distribution. Therefore, measuring a dis-
tribution may be viewed as measuring a large number of
fractions along the same separation axis, and one might ask
what the difference is between measuring fractions and mea-
suring a continuous distribution. This difference arises in
terms of both model formulation and requirement for the
measurements. The requirement for the measurements is il-
lustrated in Fig. 3. If there is an underlying continuous dis-
tribution, then the resolution of the measurements should be
so small that the measured distribution approaches the un-
derlying continuum. This is hardly possible with two or
three fractions, especially if more or less arbitrary demar-
cations are made between the fractions or model pools. As
we do not know the underlying distribution there is no way
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Fig. 3. Illustration of the way in which an underlying continuous distribution is approximated by concatenating a large number of measure-
ments along the axis of measurement. In (a) the underlying distribution is fractionated into two arbitrary fractions that are difﬁcult to relate
to the underlying distribution, whereas in (b) the number of fractions has been increased so that the distribution approaches the underlying
continuous distribution.
to ensure that the resolution of the measured distribution is
actually ﬁne enough to approach the underlying continuous
distribution with the desired certainty. However, a require-
ment that must be fulﬁlled is that measurements next to each
other have values closer to each other than measurements far-
ther away from each other. This means that the distribution
can be viewed as continuous and that it is independent of the
more or less arbitrary choices of demarcations between the
fractions. Another requirement could be that changing the
demarcations between the different fractions constituting the
distribution or increasing the number of fractions does not
markedly change the distribution. The measured continuous
SOM quality distributions provide much information about
the underlying distribution that should be valuable not only
for model development, but also for direct interpretations.
Once the underlying distribution has been revealed and pos-
sible peaks have been found and identiﬁed, it may again be
possible to measure a smaller number of fractions where the
demarcation between them is determined by the underlying
continuum.
The important difference in model formulation can be seen
from Eq. (3), where a single function F(q,t) is used to de-
scribe the movement of SOM along the q axis, and a sin-
gle function k(q,t) is used to describe respiration. If we are
measuring a continuous distribution, these functions are also
more likely to be continuous. This means that these pro-
cesses can be described by a very limited number of param-
eters. In contrast, an equivalent multi-compartment formula-
tion would require a large number of compartments and an
immense number of parameters to describe these processes
from all of the compartments. Thus, the requirement that
the functions F(q,t) and k(q,t) are continuous, consider-
ably constrains the shape of functions, whereas for the multi-
compartmentformulationevenlargedifferencesinparameter
combinations will result in nearly equally good ﬁts between
data and model (Hyv¨ onen et al., 2005). This means that
the resulting parameter combinations are unlikely to have a
meaningful biological interpretation. The reduced number
of parameters and large number of measurements used for
model parameterization of the continuous quality distribu-
tions mean that the number of parameter combinations that
will allow the model to ﬁt the experimental data is reduced.
This is likely to increase the possibility of meaningful inter-
pretationsoftheparametersandthevalidityoutsidetherange
of conditions tested in the experiments.
5 Measuring continuous quality distributions of SOM
Theoretically, the methods used to fractionate SOM into a
small number of fractions can be modiﬁed by increasing the
number of fractions to constitute a virtual continuum. Of-
ten, however, this will result in too laborious a method and
therefore the application of continuous quality distribution
models involves developing new fractionation methods and
employing new technologies that are based on similar prin-
ciples. Fractionation methods can be divided into physical,
chemical and biological fractionation methods, and we adopt
the same categories here.
Isotope techniques including measurements of isotope ra-
tios in experiments with vegetation changes between C4 and
C3 plants, natural abundance of 14C and isotope labeling ex-
periments can be used to determine the dynamics of the dif-
ferent SOM fractions (Saggar et al., 1996; Balesdent and
Mariotti, 1996; Bernaux et al., 1998; Bruun et al., 2004,
2005a). In a similar way, measuring isotope ratios along the
quality distributions of SOM from similar experiments will
undoubtedly greatly help interpretations and model devel-
opment of continuous quality distribution models of SOM.
This requires the isotopes to be measured with sufﬁcient fre-
quency along the quality axis to produce a distribution of the
other isotopes or the isotope ratio.
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5.1 Physical fractionation methods
5.1.1 Particle size
Fractionation according to particle size is based on the fact
that mineral particles of different sizes are also of different
mineralogical origin and composition and therefore interact
with SOM in different ways (Christensen, 1992). The sand
fraction which is dominated by quartz only exhibits weak
interactions with SOM. This provides different degrees of
protection from microbial degradation. The surface area per
mass of soil is much larger for the small clay particles and
therefore these small particles provide a large surface area
for sorption of SOM, which is considered an important stabi-
lizing mechanism (Guggenberger and Kaiser, 2003; Kleber
et al., 2007). However, there is no deﬁnitive threshold be-
tween large and small particles and the transition from quartz
to clay minerals is more likely to be continuous than discrete.
Methods used to separate SOM according to particle sizes
include sieving and sedimentation and more advanced frac-
tionation methods after dispersion treatments such as treat-
ment by ultrasonic vibrations or application of a chemical
dispersant (Christensen, 1992). However, in their extensive
review von L¨ utzow et al. (2007) found very variable esti-
mates of turnover times for SOM in different fractions. The
lack of an unequivocal relationship between particle size and
turnover time may be resolved by separating a size contin-
uum to resolve the distribution better, but may also require
separation according to other quality variables as well.
A range of methods has been used to separate colloids ac-
cording to size (Bufﬂe and Leppard, 1995; Kretzschmar et
al., 1999). Some of these methods can be adapted to con-
tinuous size distributions of SOM in clay and silt fractions
of soils. Measurement of the whole range of SOM size dis-
tribution relevant for SOM models requires application of a
combination of these methods in different size ranges.
Sievescanbeusedtomeasurethesizedistributionofparti-
cles larger than 20–40µm, depending on the soil type. How-
ever, most carbon is present in smaller sized fractions (Chris-
tensen, 1992). In theory, the resolution can always be im-
proved by including more sieve sizes, but the number will be
limited in practice. Filtration and ultraﬁltration can be used
to isolate smaller-sized particles and have been used to sep-
arate aquatic colloids in the range 1nm to 100µm (Bufﬂe
and Leppard, 1995). To avoid artifacts, especially colloid in-
teractions with the membrane and colloid coagulation at the
membrane surface, tangential ﬂow ﬁltration can be used to
reduce the last artifact.
Sedimentation in water by gravity, centrifugation or ul-
tracentrifugation can be used on smaller particle sizes, but
it suffers from the problem that it separates on the basis of
both size and density. Sedimentation has been performed by
repeatedly suspending soil particles in a water column and
waiting for a speciﬁc time (calculated according to Stokes
law) before removing the upper part of the column (Chris-
tensen, 1992). Obtaining a distribution of sufﬁcient resolu-
tion probably requires application of new techniques.
Split ﬂow thin cell (SPLITT) fractionation is a technique
developed to separate mixtures of materials into fractions of
homogeneous materials (Giddings, 1985) and it has already
been employed for SOM fractions (Kiem et al., 2002). Size
exclusion chromatography and capillary hydrodynamic frac-
tionation (DosRamos and Silebi, 1990) can generally only be
used to fractionate particles smaller than 0.1µm without se-
rious artifacts. A very promising technique to separate on
the basis of particle size, is ﬁeld ﬂow fractionation (FFF)
(Fraunhofer and Winter, 2004). This technique employs a
ﬂat channel through which a carrier liquid is pumped, es-
tablishing a parabolic laminar ﬂow proﬁle. The sample is
propelled through this channel while a physical ﬁeld is ap-
plied across it, making the particles accumulate on one ﬂank
of the channel. Small particles undergo faster Brownian mo-
tions and can therefore diffuse against the physical ﬁeld to
where the laminar ﬂow is faster and are thus eluded faster.
Several physical ﬁelds can be applied across the membrane,
giving rise to different sub-techniques. The most important
sub-techniques in connection with colloids are sedimentation
FFF, where the channel is rotated in a centrifuge, and ﬂow
FFF, where a cross-ﬂow is established through permeable
channel walls. The technique has been applied to study col-
loid transport in soils (Ranville et al., 2005), but there seems
to be great potential for using the technique on the clay frac-
tions after removing the larger fractions by SPLITT fraction-
ation or some other method.
5.1.2 Density
Density fractionation most often consists of separating SOM
from heavy and light fractions (Christensen, 1992). The
heavy fraction is assumed to consist of organomineral com-
plexes and the SOM of this fraction is assumed to be stabi-
lizedbyinteractionwiththemineralphase. Thelightfraction
is assumed to be free of mineral associations and is there-
fore more susceptible to microbial decay. More complicated
fractionation schemes with more density fractions and with
density fractionation in combination with other fractionation
methods has also been employed (Shaymukhametov et al.,
1984; Dalal and Mayer, 1986; Six et al., 2000; Baisden et al.,
2002; Sollins et al., 2006). In reviewing the literature, Chris-
tensen (1992) recognized that the bonding strengths between
SOM and mineral particles varies continuously. Therefore,
there does not seem to be a speciﬁc density at which mineral
associated organic matter is separated from free organic mat-
ter. Rather, the ash content, which indicates the presence of
mineral soil, seems to increase as density increases, display-
ing a continuum rather than a ﬁxed cutoff.
The usual method employed to fractionate soil according
to density is centrifugation of the sample in a heavy den-
sity liquid, to obtain fractions heavier and lighter than the
density of the liquid (Christensen, 1992). In recent years,
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polytungstate has been the preferred substance. This can be
generalized by using a range of different densities to obtain a
distribution with the desired resolution i.e. a sequential den-
sity fractionation. Sequential density fractionation has been
carried out before with up to eight different densities (Bais-
den et al., 2002; Sollins et al., 2006, 2009). Separating into
eight or more densities is a very tedious procedure and a po-
tentially more powerful approach is to use density gradient
centrifugation (DGC). DGC has not been widely used for
this purpose, but is being applied routinely for separating mi-
croorganisms from soil or other media (Lindahl and Bakken,
1995; Stevens and Jaykus, 2004). After centrifugation in a
density gradient a density distribution of particles will have
settled in the gradient and samples can be taken out at dif-
ferent positions for determination of C content and isotope
ratios.
5.1.3 Aggregate size
SOM seems to degrade more slowly within microaggregates
(Six et al., 2002). This has been ascribed to protection in-
volving a number of mechanisms, including seclusion from
microbes (van Veen and Kuikman, 1990), reduced oxygen
diffusion(Sexstoneetal., 1985; Voretal., 2003), andpreven-
tion of microbial predation within aggregates (England et al.,
1993). Small aggregates (i.e. microaggregates) seem to of-
fer better protection than larger aggregates. A distribution of
aggregate sizes can be obtained by applying either sieving or
sedimentation without a preceding dispersion treatment. For
the separation of aggregates into a virtual continuum of dif-
ferent sizes, the SPLITT technique described earlier may be
applicable. The separation of aggregates is complicated by
the fact that a hierarchy of aggregates seems to exist, where
smaller ﬁrst order aggregates are found within larger second
order aggregates, which again are collected into larger third
order aggregates (Tisdall and Oades, 1982; Oades and Wa-
ters, 1991).
5.1.4 Association with iron oxides
Iron oxides provide a large surface area in many soils and
a strong bonding with SOM by ligand exchange, providing
protection against microbial decay (Torn et al., 1997; von
L¨ utzow et al., 2007). This means that the amount and crys-
tallinity of iron oxides inﬂuence the turnover of the SOM
associated with these. Some studies have indicated that clay
fractions of intermediate magnetic susceptibility are the most
stable (Shang and Tiessen, 1997) while other studies have
indicated that the fraction of highest magnetic susceptibility
was most stable (Shang and Tiessen, 2000). As the transition
from SOM with a low degree of association with iron oxides
to SOM with a high degree of association, or from particles
with low magnetic susceptibility to high, is likely to be con-
tinuous, separating a continuous distribution also appears to
be relevant.
Particles of different magnetic susceptibility can be sep-
arated using high-gradient magnetic separation (Shang and
Tiessen, 1997). In this technique a soil suspension is passed
through tubes ﬁtted with stainless steel wool placed in a
magnetic ﬁeld. Material of a high magnetic susceptibility
is trapped while the less susceptible material passes through
the tubes. By gradually increasing the magnetic ﬁeld density,
it should be possible to separate a virtual continuum of par-
ticles of different magnetic susceptibility. Despite promising
results, the number of studies using high-gradient magnetic
separation is still limited and restricted to tropical soils (von
L¨ utzow et al., 2007). Therefore separation into a virtual con-
tinuum using this technique could prove interesting.
5.1.5 Surface charge
SOM adsorbed on soil particles changes the charge of the
particles (Tipping and Cooke, 1982; Saito et al., 2004).
Whether resistant SOM adsorbed on the surfaces changes
the surface charge more or less than more labile SOM is un-
known. However, as the functional groups on the surface
of the SOM change as it decomposes, the effect on surface
charge is also likely to change. Therefore, it may be worth-
while attempting to separate soil particles according to sur-
face charge to obtain a quality distribution of SOM. Elec-
trophoresis is a technique where an electrical ﬁeld is applied
across a cell and the particles start moving according to their
electrophoretic mobility, which is related to zeta potential
and surface charge (Hunter, 1981). The technique has been
used to separate soil clays according to electrophoretic mo-
bility (e.g. Arshad et al., 1971).
5.2 Chemical fractionation methods
Chemical fractionation methods involve some kind of chemi-
cal treatment that is applied to hydrolyze or oxidize labile or-
ganic matter that is more susceptible to the treatment. These
methods can be generalized by applying successively higher
concentrations or successively longer treatment times. We
suggest that fractionation methods using different concen-
trations and allowing the process to attain steady-state be-
fore the measurements are carried out is better than methods
employing different treatment times for the following rea-
son. Under the non steady-state conditions the labile SOM
will supposedly be removed faster than more resistant SOM.
However, since steady-state has not been attained, not all the
labile material will have been removed and a small part of the
resistant SOM will also be affected right from the beginning
of the treatment.
5.2.1 Chemical oxidation
A range of different chemical treatments (e.g. H2O2,
Na2S2O8 and NaOCl) has been adopted to remove labile
SOM from soil leaving behind a more resistant fraction
Biogeosciences, 7, 27–41, 2010 www.biogeosciences.net/7/27/2010/S. Bruun et al.: Measuring and modelling continuous quality distributions of SOM 35
(Mikutta et al., 2005). Different kinds of chemical oxida-
tion methods have also been proposed to isolate black carbon
(Schmidt et al., 2001; Simpson and Hatcher, 2004), which
is believed to be resistant to biodegradation (Bruun et al.,
2008a). Several studies have found the fractions left behind
afteroxidationtobeofhigherradiocarbonagesthanthosere-
moved (Kleber et al., 2005; Eusterhues et al., 2005; Helfrich
et al., 2007). However, attempts to verify that the fraction
left behind changes in response to organic matter inputs and
other aspects of management history are scarce and not very
successful (Balesdent, 1996; Plante et al., 2004; Bruun et al.,
2008b). This may mean that the chemical oxidation agents
do not fractionate the soil in a meaningful way in terms of
SOM turnover, but it may also reﬂect the fact that a stable
fraction cannot be resolved by separating two fractions with
different susceptibility to oxidation, but requires a continu-
ous distribution of oxidizability to be measured.
Continuous distributions could be achieved by modifying
oxidation methods using different concentrations of oxidants
or oxidation times, with the results concatenated into a dis-
tribution. An example of the latter can be found in Plante
et al. (2004), who oxidized soils assumed to have different
amounts of resistant SOM using H2O2, extracted aliquots by
syringeafterdifferentoxidationtimes, andanalyzedthesefor
organic carbon. The resulting distribution seemed to differ
between the soils, with soils containing more labile carbon
losing carbon more rapidly during the ﬁrst 3–8h.
5.2.2 UV oxidation
UV oxidation was initially proposed as a method to isolate an
inactive fraction of SOM because the oxidizing agents pro-
duced by the light were believed to be unable to penetrate
into aggregates (Skjemstad et al., 1993). Later, UV oxidation
was developed into a method to reduce SOM fractions other
than black carbon before determination of the black carbon
content (Skjemstad et al., 1999). UV oxidation offers oppor-
tunities for measuring quality distributions by varying either
the effect of the UV lamp or the oxidation time. Skjemstad
et al. (1993) observed the disappearance of organic C dur-
ing the ﬁrst eight hours of oxidation and found that C disap-
peared faster in some soils than others. In contrast, Bruun et
al. (2008b) observed faster removal of old SOM than litter,
possibly because of the litter containing lignin, which is re-
sistant to UV oxidation, and thus did not ﬁnd any evidence
that old SOM is more protected from UV oxidation. The
method is rather laborious and fractionating the complete
quality continuum may therefore be difﬁcult unless modiﬁ-
cations of the procedure are developed. For example, it may
be possible to sub-sample after different oxidation times or
measure CO2 evolution and the isotopic composition of the
CO2 evolved.
5.2.3 Thermal analysis
In thermal analysis a soil sample is heated according to a
heating program, usually with a constant heating rate. A dis-
tribution, known as a thermogram, can be produced by mea-
suringtheweightlossasafunctionoftemperature. Thegases
evolved can also be analyzed by different kinds of spectro-
scopic methods (David, 1975; Schulten, 1993; Plante et al.,
2009). Either method offers an easy way to measure the
amount of carbon or mass lost at different temperatures pro-
ducing a thermogram. The thermograms often exhibit dif-
ferent peaks for labile and more resistant SOM (Kristensen,
1990; Schulten and Leinweber, 1999; Siewert, 2004; Lopez-
Capel et al., 2005b; Bruun et al., 2008b). Thermal treat-
ments have also been used to isolate black carbon from soil
(Gustafsson et al., 1997, 2001; Gelinas et al., 2001). If a
strong relationship between the thermogram and the degrad-
ability of SOM can be established, the use of a thermogram
to characterize a continuous distribution of SOM in a distri-
butional model would be a straight-forward procedure. How-
ever, signiﬁcant challenges in the interpretation and quantiﬁ-
cation of thermal data still remain (Plante et al., 2009)
Lopez-Capeletal.(2005a)analyzedthegasesevolveddur-
ing thermal treatment by coupling a thermo-gravimetric sys-
tem with an isotope ratio mass spectrometer. This appears to
be a very powerful setup, because it allows measurement of
isotope ratios along the quality distribution of SOM, which
can be used to trace carbon inputs labeled with isotopes in
the thermograms.
Mass spectrometry of the pyrolysis products can be used
to construct thermograms with the total ion intensity, but can
also be used to make thermograms of compound classes such
as carbohydrates, lignin monomers, lignin dimers, alkyl aro-
matics, lipids and N-containing compounds, thus giving rise
to a different distribution for each compound class (Schulten
and Leinweber, 1999, 2000). Application of the proposed
distributional models to these distributions therefore also re-
quires a model with several distributions and assumptions
about their formation.
5.2.4 Hydrolysis
Acid hydrolysis is one of the most widely used methods for
isolation of an inactive fraction of SOM (e.g. Laevitt et al.,
1996; Trumboreetal., 1996). Hot6MHClisusuallyreﬂuxed
for 18h and the supernatant is removed after centrifugation.
The remaining amount of C is then measured. A distribution
of hydrolyzability can be produced by employing different
concentrations of acid or different reaction times. As large
numbers of treatments are required to get sufﬁcient resolu-
tion in the measured distribution, samples of the supernatant
can be taken instead and analyzed for dissolved SOM by dif-
ferent methodologies. Acid hydrolysis has been widely ap-
plied to isolate an inactive fraction and seems to isolate old
SOM (Martel and Paul, 1974; Laevitt et al., 1996; Paul et
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al., 1997). However, as for chemical oxidation, the fraction
of hydrolyzable C seems to be relatively independent of the
management in ﬁeld trials (Balesdent, 1996; Plante et al.,
2006). Some of these problems may be solved by measur-
ing a continuous distribution instead of just using a predeter-
mined acid concentration or treatment time.
5.3 Biological fractionation methods
The advantage of biological fractionation methods is that
they are directly related to the mechanisms responsible for
decomposition in the soil. Soil incubation under constant,
favorable conditions has been used to isolate labile and more
resistant fractions of SOM (Paul et al., 2006). This can be
generalized to measure a continuous quality distribution by
continuously measuring CO2 evolution. However, as for the
chemical treatments of different durations, the incubations
will not start by removing only the labile material but will
also remove resistant SOM, albeit more slowly, right from
the beginning. If a whole continuum of SOM quality exists,
the data produced in the incubations are unlikely to be suf-
ﬁcient to reveal the quality distribution (Bruun and Luxhøi,
2006). Furthermore, by the very nature of resistant SOM, in-
cubations cannot be used to measure the distribution cover-
ing the SOM of lower quality. Another problem with soil in-
cubation is that the soil is often disturbed during sampling, so
the observed ﬂux of CO2 is due to mineralization of organic
matter liberated from protection rather than a labile fraction
occurring in the soil.
A possible alternative would be to use enzymatic diges-
tion. A range of enzymes designed to dissolve different or-
ganic compounds very fast at high temperatures has been de-
veloped. This type of enzymatic digestion could also be used
to estimate a quality distribution by repeated measurements
of the amount of dissolved SOM. To our knowledge, enzy-
matic digestion has not been used previously to fractionate
SOM, so the method requires development and its usefulness
needstobeproved. Apotentialproblemwiththisapproachis
that lignolytic enzymes seem to be unable to digest all lignin
in fresh plant material, even though it is not considered to be
highly resistant to decay (Kiem and K¨ ogel-Knabner, 2003).
As the addition of enzymes also results in the addition of or-
ganic matter, these techniques would require some form of
labeling experiment to distinguish between C from enzymes
and SOM.
5.4 Proxies for soil organic matter quality distributions
As described above an alternative to measuring the distribu-
tions directly is to measure some proxy for soil organic mat-
ter quality distributions and relate this to a theoretical quality
distribution by multivariate calibrations. A range of spec-
troscopic methods including py-GC/MS, near-infrared spec-
troscopy (NIR), mid-infrared spectroscopy (MIR), nuclear
magnetic resonance spectroscopy (NMR), and others have
the potential to generate spectra that are related to the qual-
ity of SOM. In addition amino acid composition has already
shown potential as a proxy for SOM quality in marine sedi-
ments.
5.4.1 Nuclear magnetic resonance spectroscopy (NMR)
NMR measures shifts in the frequency at which atomic nu-
clei resonate relative to a reference compound when sub-
jected to a magnetic ﬁeld. The chemical shift is inﬂuenced
by the electron clouds around the nucleus and therefore pro-
vides information about the chemical environment in which
it exists (Veeman, 1997). The chemical composition of SOM
has been characterized by solid state 13C NMR (e.g. Skjem-
stad et al., 1997; K¨ ogel-Knabner, 2002). The spectrum that
is obtained by 13C NMR is generally split into four main re-
gions (carbonyl, aromatic, O alkyl, and alkyl) and the area
of a given region is proportional to the amount of that group
in the sample. During decomposition, the spectra of SOM
change in characteristic ways (Skjemstad et al., 1997), with
alkyl carbon being lost initially.
In the case of NMR spectra, the measured quality variable
across which the carbon distribution is measured is the chem-
ical shift. A speciﬁc chemical shift corresponds to a C atom
in a speciﬁc chemical constellation and therefore should also
correspond to a speciﬁc respiration rate and a speciﬁc rate of
transformation to other chemical constellations.
5.4.2 Near-infrared spectroscopy (NIR)
The detailed chemical structure of SOM can also be re-
vealed by near-infrared spectroscopy (NIR), which measures
absorbance or reﬂectance of electromagnetic radiation in
the near infrared range. This is related to vibrational and
rotational movements of important biochemical functional
groups such as -CH, -OH, and -NH chemical bonds (Shenk
et al., 2001). During the course of decomposition, the NIR
spectrum is modiﬁed in a regular way (Joffre et al., 1992;
Gillon et al., 1999) and the rate of decomposition can be pre-
dicted from the NIR spectrum (Bruun et al., 2005b; Thomsen
et al., 2009). However, no monotonous relationship is likely
to exist between the frequency at which light is absorbed and
resistance to biodegradation. However, using multivariate
analysis, these modiﬁcations in spectra have been correlated
with the change in the average theoretical quality of the car-
bon compounds in a model for litter decomposition (Joffre et
al., 2001).
5.4.3 Amino acid composition
The composition of amino acids in marine sediments seems
to be altered in a regular fashion upon degradation (Dauwe
and Middelburg, 1998). This has been used to develop a
degradation index based on amino acid composition which
has been related directly measured decomposition constants
(Dauwe et al., 1999; Vandewiele et al., 2009). This indicates
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that, amino acid composition can be used as a proxy for or-
ganic matter quality in marine sediments, but the methodol-
ogy still needs to be explored in soils.
5.5 Measuring several distributions
As suggested in the model formulation, it may be useful to
determine quality distributions for several fractions. For ex-
ample, it could be useful to measure the quality of the micro-
bial biomass separately because of the very different role of
this fraction of SOM. However, there is no obvious way to
separate microbial biomass from the rest of the SOM. More
generally, the approach of separating the SOM into fractions
with different distributions suffers from the same shortcom-
ings as the models of measurable fractions, i.e. there will
usually not be any well-deﬁned thresholds between the frac-
tions, making the choice of a threshold more or less arbitrary.
Therefore, it is doubtful that this can be made operational.
5.6 Distributions in more dimensions
Measuring distributions in several dimensions is probably
necessary because a single quality variable as deﬁned above
is not likely to capture all the different mechanisms that will
affect the decomposition of SOM. Separating according to
more than one quality variable allows us to take different sta-
bilizing mechanisms into account and understand their im-
portance. Essentially, what is required to apply continuous
quality SOM models in two dimensions is two different ways
of measuring quality, say q1 and q2. For example, a distri-
bution of particle density could ﬁrst be made, which would
result in a number of samples with different densities. The
samples along this distribution could then be separated by
thermal analysis. From the review above we know that parti-
cledensityisrelatedtothedegreeofassociationwithmineral
particles, while resistance to high temperatures is related to
chemical recalcitrance. Such a combination of fractionation
methods therefore provides a much better resolution of the
measurements and thus a better basis for model development
and validation, but also provides information on the effect of
several stabilization mechanisms and their contribution to the
overall stability of the organic matter in the soil.
6 Conclusions
We argue that to improve our SOM models, continuous qual-
ity distribution models should be developed in concert with
fractionation methods measuring continuous quality SOM
distributions. Compared with the conventional coupling
between pool models and discrete fractions, the approach
promises a reduced number of model parameters. In combi-
nation with the increased detail of measurements, this means
that the number of parameter combinations that allow the
model to ﬁt the experimental data is reduced. This will in-
crease the possibility for meaningful interpretations of the
parameters and the validity of the models outside the range
of conditions tested by experimentation. Therefore, the ap-
proach offers new opportunities for improving SOM mod-
els in terms of predictive power, as well as our conceptual
and mechanistic understanding of SOM dynamics. The mea-
sured continuous quality SOM distributions should also be
useful for direct interpretations, while information about the
underlying continuous distribution may help develop useful
discrete fractionation schemes.
There are a number of potential methodologies that can
be employed to measure continuous quality distributions of
SOM. Based on the evidence available, we believe that frac-
tionation according to size and density and thermal treatment
are the most promising methods for fractionation of continu-
ous quality SOM distributions. Developing the fractionation
methods will be a major task. New fractionation techniques
will have to be developed, and the methods can be combined
in a large number of different ways, resulting in distributions
in more than one dimension. Therefore, this task requires the
efforts of a large research community. We hope that the cur-
rent paper will generate interest in the approach and entice
enough researchers to explore the possibilities and prove its
merits.
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